Motivated by the recent interest in underground experiments phenomenology (see Ref.
Introduction & Conclusions
It is commonly retained that no any bounds to quantum gravity theories may be inferred from current or next future experiments. The naive motivation is that the energy-scales reached by current experiments, such as collider physics, are far below the characteristic scale of quantum gravity, the Planck scale, for several orders of magnitude. For example, it is worth to remind that the Large Hadron Collider (LHC) can probe energy scales of about 1 − 10 TeV or so, which is 15th − 16th order of magnitude down to the Planck scale (10 16 TeV). This is the main argument inspiring a certain pessimistic approach to quantum gravity phenomenology, which is considered more a metaphysics chimera or even an oxymoron than a serious possibility. There are several popular scenarios suggested in literature leaving a tiny hope of detecting quantum gravity effects in high energy colliders. These scenarios are based on the long-standing idea of having large extra dimensions, such as in Arkani-Hamed/Dvali/Dimopoulos (ADD) [2] and Randall/Sundrum (RS) models [3] . Such models are often adduced as a possible solution to the hierarchy problem of the Higgs mass. However, in this context, the hierarchy problem seems to be only rephrased as a problem of stabilizing the extra dimension sizes, i.e. their related moduli as the radion field. Furthermore, a quantum gravity scale so low may also generate dangerous effective operators, destabilizing baryons [4] . Such a problem may be solved by introducing extra gauge or flavor symmetries [5] , turning the model in a more complicated and baroque.
Related to the last argument, it is possible that a large class of quantum gravity models may induce highly suppressed effective operators beyond the Standard Model 
θ-Poincaré in a nutshel
This is one of the most popular scenario of non-commutative space-time. It is based on a deformation of the Poincaré symmetry, and it entails a dual formulation in terms of non-commutative space-time coordinates. The idea of a non-commutative spacetime was proposed by the same Heisenberg, as a simple but conceptually revolutionary extension of his indetermination principle [6] . However, in '47, Snyder [7] and Yang [8] were the first to seriously propose it in published papers.
The θ-Poincaré co-algebra can be obtained from the Poincaré algebra thanks to a mathematical map, known as the Groenewold-Moyal (GM) map [9, 10, 11, 12, 13, 14, 15, 16, 18, 19, 20, 21] . On the dual space-time formulation, deformation of the coalgebra is encoded in the product of generic functions f (x) and g(x) of the commutative coordinates x ≡ (x 1 , ...x N ) ∈ R N . The deformation of the co-products introduced by the GM map then acts a "⋆ product" between functions. For instance, considering two generic functions, the ⋆ product casts
where
is a antisymmetric constant tensor in space and time. In the limit in which all the components θ µν → 0, the product in Eq. (1.1) trivializes to the standard commutative multiplication rule. On the other hand, because of the antisymmetry of the θ-matrix, f ⋆ g = g ⋆ f .
In the θ-Poincaré framework, a consistent quantum field theory can be obtained.
Non-commutative coordinates might be viewed as quantum operatorŝ
endowed with the ⋆-product in Eq. (1.1). This latter, once applied to the coordinateoperator, implies
which is exactly the non-commutativity proposed by Heisenberg.
The very same product rule must be applied to every quantum field theory operators: creation/annihilation particle operators and every fields (electro-weak, chromostrong and Higgs fields). In other words, a deformed version of the Standard Model of particle physics may be obtained as a Groenewold-Moyal Standard Model (GSSM). In GSSM, one can easily obtain all GM Feynman diagrams from the standard ones. However, most of the amplitudes are corrected by harmonic functions, which are dependent on the particles four-momenta. In the limit of θ → 0, at three level, all amplitudes converge to Standard Model results.
Before moving into the details of the θ-Poincaré model, it is worth spelling a simplified and heuristic picture of its deformation. This may give the chance for introducing the mathematical framework in a more accessible way to experimentalists and phenomenologists rather than theorists devoting their investigation on quantum gravity.
At this purpose, a first question is: how are the generators of the Poincaré algebra deformed by the GM map? Surprisingly, space-time translations x µ → x µ + a µ are untouched. By applying GM on translation operator p µ , in turn applied to fields, we obtain exactly the same result of Standard Poincaré case:
The same "triviality" is not fund for the case of the Lorentz algebra -namely so(3, 1)
-generators:
GM : so(3, 1) → noncommutative dual "deformed ′′ so(3, 1) .
In particular, Lorentz rotations and boost transformations x µ = Λ ν µ x ν are deformed with a complicated combinations of four-momenta dependent phases that come from the Moyal product Eq. (1.1). As aforementioned, not only space-time generators, but also quantum operators related to particle fields are deformed as follows:
GM : (creation/annihilation ops.) → (GM − phase)(creation/annihilation ops.) ,
The GM-map also provides a non-ambiguous relation among the quantization procedure of fields in θ-Poincaré and the standard second quantization in the Standard
Model. To fully appreciate how powerful is this property for the θ-Poincaré framework, let us mention that there are other non-commutative QFT models, such as the κ-Poincaré one, which are plagued by several ambiguities in the quantization procedure [24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36] .
It is also worth noting that the GM factors, encoding four-momentum dependent complex exponentials, introduce in the theory an infinite tower of new higher derivative terms. In other words, the GM co-product rule provides an unambiguous map from a local QFT into a new Lorentz deformed higher derivatives QFT. In this review, our main purpose is to provide a clear explanation of many crucial issues, such as unitarity, causality, locality and CPT symmetry in θ-Poncaré. These were sources of a huge confusion in literature, with often too naive considerations concerning intimate interconnections among them all.
Myths and facts of θ-Poincaré
First of all, θ-Poincaré does not lie into the class of theories explicitly violating the Lorentz symmetry: the Lorentz symmetry principle is substituted by a new symmetry algebra. In this sense, it is more precise to consider θ-Poincaré as a deformation of the Lorentz symmetry despite of a violation. An explicit violation of the Lorentz symmetry introduces an infinite tower of new interaction operators, which renders the well behaving standard model a non-renormalizable not-unitary "nightmare" theory [22] .
Even introducing very fine-tuned Lorentz violating operators, it may be very dangerous since not technically natural fine-tunable -with coupling exploding polynomially with the energy. As we will see, θ-Poincaré looks a "much milder beast".
In θ-Poincaré also a curious fact occurs: the theory is explicitly unitary a three level, even if the S-matrix does not commute with CPT . Once again, it would be more precise to talk about a deformation of the standard CPT . It is worth noticing that CPT -phases completely disappear if the "electric-like" components of θ µν are null,
i.e. θ 0i = 0 but θ ij = 0. To easily understand why the theory remains unitary, let us mention that the GM phases introduced into the fields, and propagating through all the Hamiltonian interaction operators, do not spoil the hermitianity of the Hamiltonian.
In other words, no "badly behaving" complex phases are introduced in the S-matrix.
On the other hand, locality and microcausality are explicitly violated in these theories. It is worth noting that the very same structure of noncommutative space-time is intimately non-local and acausal at microscopic lengths. This does not mean that large acausal interactions are introduced in the Standard Model. A simple criterion of microcausality in quantum field theory was suggested by Bogolubov and Shirkov (BS) in their quantum field theory textbook [37] . According to BS, the microcausality condition can be directly reformulated in terms of the S-matrix operator. In our review, we will show that the microcausality criterion is violated in θ-Poincaré, even at tree-level. However, such a violation may be not-relevant if the UV quantum gravity cut-off coincides with the non-commutativity scale.
All these considerations suddenly rise further questions about the Spin-Statistic theorem, formulated by Pauli in Ref. [23] . The Spin-statistic theorem was conceived assuming locality, causality, Poincaré and CPT invariance. By relaxing these principles, one could expect an evasion of the Pauli theorem. And indeed this is exactly what happens for θ-Poincaré. As we will see, this leads to the most surprising and phenomenologically interesting aspect of this theory: the sharp prediction of Pauli exclusion principle violating transitions.
In our review, in order to show how treatable are tree-level calculations in θ-Poincaré, we will show some examples in standard QED processes: electron-muon and electron-electron scatterings. Remarkably, in the electron-muon scattering, all
CPT violating phases completely disappear -incidentally, we emphasize that such an interesting fact was never remarked in literature. On the other hand, in the electronelectron scattering a CPT violating phase appears as a harmonic function with particle momenta. Such a CPT V phase emerges as a decoherence effect of s-and t-channel interferences. Once again, this is a manifestation of the Spin-Statistic theorem evasion.
Nevertheless, such a phase never leads to a violation of the unitarity bound and, at low energies, it simply provides a tiny over-modulation on the Standard Model differential cross-section. At three level everything is calculable, controllable and theoretically self-consistent.
Why θ-Poincaré?
It seems that most of the models that are candidates of quantum gravity "like" θ- introduce an extra ǫ ab anti-symmetrizer, and then consider
As we will review later on, such a coupling is responsible for the generation of an effective non-commutativity affecting bosonic string X-fields.
On the other hand, an effective non-commutativity may also emerge within the context of Loop Quantum Gravity, as an effective mesoscopic limit of the spin foam [58, 59, 60, 61, 62, 63, 64] . The theory retains a lattice smeared version of the Lorentz invariance, but at intermediate scale rainbow behavior of the metric [42] and spacetime symmetries modification appear [43, 44] . What seems to be remarkable, is that this feature pertains not only the 2 + 1-dimensional theory, but also extends to 3 + 1-dimensions, standing as a residual property of the discreteness space (and space-time)
in at microscopic (Planckian) scales. Furthermore, it turns out to be connected to an intrinsic feature of the space-time background, once matter fields are integrated out, or anyway matter degrees of freedom are not taken into account.
Behind the common effective non-commutativity that emerge both in String Theory and Loop Quantum Gravity, there may be a hidden duality among the two theories.
The two theories appear so different that such a statement may sound unnatural and crazy (perhaps, crazy enough to hold some truth). Very recently, we singled out a series of correspondences among spin foam holonomies and space-like branes, that we dubbed Hilbert-duality, or H-duality [45, 46] . It turned out that a self-dual reformulation of gravityà la LQG can be cast from the compactification of topological M-theory.
Finally, non-commutative quantum gravity was also proposed as a self-consistent candidate of UV completed quantum gravity, avoiding the singularity problem as an effect of the non-commutative indetermination principle. In particular, there were a series of attempts of Connes, Chamsedinne, Mukhanov et al to unify quantum gravity and Grand Unification theories in a non-commutative framework [48, 49, 50, 51] .
However, full conclusive concrete calculations in the case of quantum black hole or Big Bang were never shown in the literature, and it seems that the status of the field, concretely, is still stuck to mathematical formalities.
Into the wild: UV/IR mixings
A relevant issue in θ-Poincaré is the extremely complicated behaviour of radiative corrections. Switching on in loop corrections, something very exotic happens: it seems that terms behaving like 1/(θ 2 p 2 ) appear. These can be interpreted as a cut-off energy dependence, as
, where C is a model dependent factor.
Such an occurrence represents a very dangerous phenomenon: it seems that in the IR limit p → 0, the UV cutoff diverges -in other words, the commutative limit θ → 0 diverges. The phenomenon is then called UV/IR mixing and it was probably the main motivation for the decrease of interest in the theoretical community on θ-
Poincaré. For example, we will show that the photon propagator gets a divergent correction which leads to a disastrous ghost-like correction to its propagator, apparently leading to super-luminality. However, contrary to the claim done by several authors in literature, it is still not clear if these divergences really occur in the full theory. For instance, it is possible that radiative IR divergences are cancelled by considering the emission of real radiation from photons: if the photon dynamically gets a superluminal behaviour, it should start to emit Cherenkov's radiation, since its velocity is higher than the space-time medium speed of light [54, 53, 54, 55, 56] . Photons have indeed non-abelian self-interaction terms in θ-Poincaré that may provide a radiation emission portal mechanism. The emission of Cherenkov's radiation was studied in the case of charged tachyon particles, but never within the context of θ-Poincaré. If the effect is not suppressed by some possible subtleties, a O(1/p 2 θ 2 ) is expected as well. In other words, our "message" about UV/IR divergences is that, before putting the word "end"
to the theory, one should show a detailed calculation of competitive IR processes from both radiative and real photon insertions.
Finally we will arrive to the vexata quaestio:
The answer is surprisingly not only yes, as we shown in Ref. [1] , but even more surprisingly, the democratic implementation of θ-Poincaré models is already ruled out by several underground experiments' data. The falsification of any model is here provided by existent very tight constraints on the Pauli exclusion principle violations (PEPV).
It urges now a definition of the distinction among two possible classes of θ-Poincaré models: the democratic and the despotic cases. The democratic θ-Poincaré models assume that all the Standard Model fields propagate in the non-commutative space-time background with the same coupling. Such a scenario seems to be the most natural case.
However, within the context of string theory, such a scenario seems to be the most finetuned case. As mentioned before, in string theory, non-commutativity emerges as an effect of the B-field coupling with strings. Indeed, there is no any motivation of why the couplings of the B-field with all the strings must be of the same magnitude: in analogy with the electric or the magnetic field, the charges with respect to the B-background can be different from one another. This is what we mean for despotic scenario: some strings may propagate in a effectively different space-time background.
As we have discussed in our work (Ref. In this review, we will include a detailed calculation of PEPV atomic/nuclear level transitions induced by θ-Poincaré. Our results show that underground experiments can rule out θ-Poincaré models up to non-commutative length scales beyond the Planck scale 10 −35 meters. In other words, rare processes in nuclear and atomic physics can literally be used as an indirect probe of the same structure of space and time.
Before addressing the details of the analysis, we may anticipate that BOREXINO, KAMIOKANDE and DAMA still exclude θ-Poincaré in the hadronic strong sector beyond the Planck scale! This seems to be a phenomenological tombstone for the democratic θ-Poincaré models. However, despotic models are still alive. This highly motivates measures from other kind of underground detectors. For example, an experiment such as VIP provides a measure of Pauli violating transitions in the atomic electromagnetic sector. In our paper, we will show an estimation of constrains which can be inferred by VIP from current data: they are not enough for concluding that the despotic θ-Poincaré scenario is excluded at the Planck scale. The next update of the experiment, VIP2, may arrive to reach enough sensitivity to probe despotic θ-Poincaré models from a complementary channel.
Fields
We introduce the Moyal plane A θ (R N ) co-algebra, starting from the ⋆-product in Eq. (1.1). The diffeomorphism group D(R N ) acts on A θ (R N ) providing its coproduct in the twisted form, namely
with g is the algebra element and
Moving from this definition, we can construct fields as irreducible representations of the deformed Poincaré group. In order to do it, we must construct fields with a consistent measure structure with respect to the deformed translations and Lorentz transformations. We may start with a generic form of the spin-less scalar field
3)
The coproduct provides a multiplication map deforming the group elements g of every Standard Model symmetries as follows
The action of the deformed translations on the field is trivially as follows:
However, twisted Lorentz transformations acting on the fields are deformed in the following way:
Consistency with Eqs. (2.5), (2.6) requires for the fields -in the discussions reported below we will focus on the case of N = 4 -the form
where p 0 = p 2 + m 2 , and
with
and
This construction can be generalized to generic spin fields. A direct consequence of Eq. (2.8) is a series of deformed creation/annihilation relations, as follows:
14)
The ⋆-product between the fields, namely
will enter every interaction Hamiltonian, and can be denoted in terms of φ θ , representing a "twisted field". Free terms in the Hamiltonian, which are quadratic in the fields, will be unaffected by the star-product, as a property of the cyclic integration measure that is usually taken into account for θ-Poincaré models [74] .
The twisted field φ θ is related to untwisted standard one as follows:
The expression is valid for both bosonic and fermionic fields, of arbitrary spin.
CPT
In this section, we analyze C, T and P transformations, which are now deformed by the co-product. In general, θ-Poincaré is not invariant under CPT .
The coproduct for the charge operator in the twisted case is the same one as in the standard case. This is simply because the charge conjugation operator commutes with P µ . Therefore, we can write
The coproduct in Eq. and consequently the enveloping algebra of space-time functions generated.
The action of the twisted coproduct in the case of P and T transformations is less trivial, and is recovered by twisting the action of the standard operator:
The combination of the three deformed symmetries leads to
We can analyze the action of CPT on the creation/annihilation and fields operators,
Introducing the alternative notation ← − ∂ µ θ µν P ν = ∂ ∧ P , we then immediately find that fields transform as
which induces an extra phase for the fields that reads e ık 0 θ 0i P i +ık i θ i0 P 0 .
Analogously, one may find for the action of the time reversal T the expressions
Consequently, one finds that the action on fields is given by
which amounts to an extra phase in the fields representation at θ µν = 0 that reads
These relations finally imply
which amounts to an extra phase in the fields representation at θ µν = 0 that reads e ık 0 θ 0i P i +ık i θ i0 P 0 . As a consequence, for θ 0i = 0 (no-electric-phases), the theory is automatically CPT invariant.
CPT symmetry and S-matrix
The S-matrix can be generically written in a time ordered exponential form -having care of substituting all standard products with ⋆-products among coordinates and fields. This leads to the result 16) where the Hamiltonian density includes matter fields and gauge fields. Note that the time-ordering is redefined by meaning of the ⋆-product. The deformed Hamiltonian density H I,θ (x) is always Hermitian at tree level for every θ. For example, for a generic interaction term, the expansion holds
with H 1 ≡ H(x 1 ), which implies the unitarity of the S-matrix, because of Eq. (3.16).
However, this may be not true at loop level. Interaction terms can be quantum corrected by divergent diagrams. The Hamiltonian non-trivially transforms under CPT as follows:
4 Non-Locality
The GM products introduce a violation of microcausality, which can be formulated, in terms of interaction Hamiltonian, as follows:
The microcausality principle can also be formulated directly on the S-matrix, gen-
eralizing the Bogoliubov-Shirkov (BS) method Ref. ([37]). Let us expand the S-matrix
promoting couplings to auxiliary fields:
Then, the BS causality condition reads
implying, from Eq. (4.2), the set of identities
where P is the sum over the distinct ways of partitioning, in n!/k!(n−k)! different ways, a set of elements {x 1 , x 2 , ..., x n } into two sets of k and n − k, namely {x 1 , x 2 , x 3 , ..., x k } and {x k+1 , ..., x n }.
The BS causality condition must be used together with the unitarity condition, cast in terms of the start product, and expanded using Eq. (4.2), namely
Cases n = 1, 2 read as follows:
The First condition corresponds to:
which is in turn equivalent to
We now specify the Hamiltonian interactions to assume the generic forms
..=yn=y .
(4.11)
We may then evaluate their time ordered commutator to be
n ,
This proof is enough to conclude that microcausality is violated, contrary to the previous claims in Ref. [57] .
QED
In this section, we consider the application of the GM deformation to standard processes in QED: electron-muon and electron-electron tree level scatterings.
In GM-QED, the interaction vertex of the charge fermions with the photon fields casts
2)
We start considering an electron-muon scattering process: the in-coming twoparticles state reads
while the out-coming two-particles state is
Consequently, the amplitude of the electron-muon scattering casts
which corresponds to
If no helicity is selected, we must average and sum over the spins, following well known rules of standard QED textbooks:
This has a very remarkable implication: since the phase is entering in the modulus, we discover that it disappears completely. Then, a good high-energy approximation is as usual m e = 0, for which
In the CM of mass system, characterized by 17) where φ
are the θ-phases.
Continuing our calculations, we consider the total cross section 19) where the first exponential phases of the expression come from the deformed creation/annihilation operators, while the last ones arise from the star-product operation.
Let us consider the case θ 0i = 0, for which
where the first two terms are zero, as a contraction of the θ-antisymmetric matrix components with symmetric combinations. Consequently, the only contribution to the standard QED amplitude is a phase, which nonetheless finally disappears in the differential cross section -see e.g. Eq. (5.22) . This means that the Lorentz symmetry deformation is completely invisible in the CM system.
At the leading order, this result can be also extended to the electron-proton scattering and, accordingly, to atomic physics. In the case of θ i0 = 0, we obtain a more complicated but still finally eliding phase:
It is worth to note again that just the standard QED result is then obtained, i.e.
This apodeictically shows that the CPT phases are invisible in the electron-muon scattering. However, the case of electron-electron scattering (or muon/muon, proton/proton scatterings) is less trivial. Considering the s and t channel diagrams, one 24) and
In the CM, for θ 0i = 0, the phase reads
while, for θ 0i = 0, one finds 
The cross section now reads
Also in this case, CPT invariance seems to be preserved. This is because the θ-term is inside an even function. However, it still leaves an indirect characteristic imprinting introducing a cosinusoidal modulation cos δ overimposed on the standard QED result.
This is an effect of the violation of the Spin-Statistic theorem and of the violation of
Fermi-Dirac statistical indinstinguibility of s-channels and t-channels.
Violation of Pauli in multi-particle states
In this section, we elaborate on Pauli Exclusion Principle violations in GM-Standard
Model. Let us consider the one-particle state in the form
From the definition in Eq. (6.2), we may construct a two-identical-particles state that
This state must be normalized considering that its norm is expressed by
since the sin-part is odd under the interchange of p 1 ↔ p 2 and null in the integral.
Consequently, we can redefine the two-particles state as a normalized one, which reads
Now let us calculate the transition amplitude for the overlap probability that a two-different-particles state evolves into a two-identical-particles state. In the case of fermions, this casts 
where, for a central potential,
Here the phases are provided both by Eq. (6.6) and the central interaction potential.
Atomic levels transitions
Now, let us focus on the specific problem of atomic level transitions. In this case, we can consider a non-relativistic limit approach based on perturbation theory. The effective Hamiltonian is the 0th order standard one plus a PEPV term: H = H 0 + V I,0 + V I,0 φ 2 P EP V , where φ P EP V is the PEPV GM energy dependent phase. The 1st order perturbation coefficient acquires the forṁ 9) and if the perturbation is time independent, recasts c (1)
The transition probability is then found to be
with F = (1 − cos ωt)/ω 2 . Operationally, within the long-time limit, this expression leads to F → πtδ(ω), and then finally we recover
The expression encodes a suppression that is quartic in the ratio between √ θ and energy-momentum components. However, the suppression may be an artifact of the number of fields involved in the initial state. Indeed, if one considers Eq. (6.6) in presence of three particles, odd despite of even powers may be suppressed in the integral, leading to a linear order corrections in the phase φ P EP V . In this latter case we obtain
where φ P EP V = δ 2 can be falsified from experimental measures.
Observable quantities
We devote the last part of this section to the already developed experimental set-up that can be deployed to falsify proposals within the the GM-Standard Model. We may distinguish two cases, corresponding to different choices of the θ-components.
For the first choice,
(6.14)
Considering the particle 1 as an electron and the particle 2 as a nucleus, all terms involving p 1 and p ′ 1 are subleading. On the other hand |p 2 | and |p ′ 2 | are of the order of the energy levels in the atom. For this set-up, the GM-Standard Model predicts the result
whereĒ 1,2 are the energy levels occupied by the initial and the final electrons, the quantity C reads C =p 1 · θ ·p 2 , and we introduce the UV cutoff scale Λ, which is hidden in the definition of θ.
For the second choice, 17) where E N ≃ m N ≃ Am p is the nuclear energy, and ∆E = E 2 − E 1 is the transition energy of the electron.
Concretely, this scenario can be tested by the VIP experiments, searching for PEPV transitions 2s → 1s in Cooper atoms [75] . In the case of VIP,Ē 1 =Ē 2p 1/2 and E 2 =Ē 1s 1/2 with a transition energy of 7 KeV .
In a similar non-relativistic approach, we can also estimate nuclear Pauli violating transitions. For radiation emitting nuclear transitions, we obtain:
When transitions emitting a proton or a neutron are taken into account, we find again the expression 19) but in which now E 2 corresponds to the critical energy for which proton is unbounded, despite of the energy level transition. For example, in DAMA experiments the characteristic of the experiments are such thatĒ 2 ≃ 10 MeV [77] .
Radiative corrections and IR/UV mixings
In this section, we discuss the still "obscure" phenomenon of the IR/UV mixing. A general one-loop diagram with N vertices in a φ n theory reads
Because of the presence of phases, planar and non-planar Feynman diagrams will entail different contributions. Let us focus on the simplest case, the λφ with Ref. [57] , in which it has been claimed that no UV/IR mixings appear in the radiative corrections.
QED and IR/UV mixing
Let us focus now non-commutative QED, taken into account without matter:
It is worth to note that non-commutativity induces new photon self-interaction vertices.
In particular, the three photon vertex ( 6) while the four photon vertex (
Finally, in a BRST fashion, the ghosts-photons vertex reads
Indeed, in the BRST quantization scheme one may find 9) where b is the auxiliary field that instantiates the Lorentz condition ∂A = f , with f an arbitrary function of x, andc and c are ghost fields. The gauge-fixing classical action then casts
From Eq. (7.10), we can calculate the vacuum polarization diagram that arises from the photon self-interactions, namely
In Eq. (7.11) we have introduced the positive-definite inner product
with (θ 2 ) µν = δ λρ θ µλ θ ρν , and the vertex correction
This entails an appearance of the UV/IR mixing in QED. The one-loop correction to the photon dispersion relation then leads to a pathological ghost-like behaviour,
It is still unknown whether the divergences that occur in non-commutative QED shall be still considered as really existing pathologies of the theory, or whether the IR radiation, or the Cherenkov like radiation, may cure these latter. IR/UV mixing thus remains an open question within the GM-Standard Model.
Connections with string theory
In this section we review the relations among string theory and the non-commutative θ-Poincaré QFT models, as proposed by Seiberg and Witten in Ref. [39] . The bosonic string sector can be recast as
where Σ is the string worldsheet, i are the space-time coordinates and a denote the internal worldsheet coordinates, while B stands for the antisymmetric form and X for the bosonic string fields.
The Boundary condition on Dp-branes are
∂ n denoting derivatives along the normal direction to ∂Σ.
We imagine Σ as a disk, a typical approximation for open strings theory. In this case, one obtains the condition
where ∂ = ∂/∂z and∂ = ∂/∂z.
In such a theory, when these boundaries are taken into account, the propagator reads
with (...) S,A denoting the symmetric and antisymmetric parts of the matrices.
On the boundary points, the propagator simplifies to 8) where ǫ = ±1 denotes positive or negative values of τ . Interpreting τ as the time, we then find
The tachyon vertex reads
When ignoring (τ − τ ′ ), this would collapse into
Focusing now on the limit α ′ → 0, one finds 14) while 0 otherwise.
In this limit, the propagator becomes non-commutative, i.e.
The propagator's structure implies that the normal ordered operators have the properties : e ıp i x i (τ ) :: 16) while for generic functionals of the string fields one finds Several methodologies of experimental investigations have been hitherto proposed.
Atomic transitions
The VIP experiment [75] searches for PEP forbidden atomic transitions in copper. Its experimental technique consists in the injection of "fresh" electrons into a copper strip, by means of a circulating current, and in the search for the X-rays which are PEP forbidden radiative transitions -related to the electrons captured by a copper atom and cascades down to the (already-filled) 1S wave state. The VIP experiment is searching for the K α (2P → 1S) exotic transition. The energy of this PEP forbidden transition is 7.729 keV, and it would differ from the ordinary K α transition energy (8.040 keV) by a energy difference ∆E term (about 300 eV) -due to the presence line of the other electrons in the already-filled 1S shell. Such a ∆E shift can be detected by high resolution CCD devices.
PEP forbidden electromagnetic atomic transitions can be also searched for in Iodine atoms deploying NaI(Tl) detectors, as done in the DAMA/LIBRA [77] and the EL-EGANTS V [76] experiments. Other studies of PEPV electromagnetic transitions in Germanium atoms in PPC HPGe detectors were shown by the MALBEK experiment [78] . In these cases, PEPV electronic transitions emit X-rays and Auger electrons, directly by the transition itself and later as the following rearrangements of the atomic shell. Let us remark that the detection efficiency of such radiation in the NaI(Tl)
detectors of DAMA/LIBRA is almost 100%, at the low energy of the process. This implies that all the ionization energy, for the considered shell, can be detected, shifted by a ∆E -due to the presence of the other electrons in filled shells. In this class of experiments, the K-shell is the one considered since providing the largest (available) energy of X-rays /Auger-electrons radiation emissions. Other stringent limits are also achieved by DAMA/NaI on transitions to L-shell, in Iodine atoms [81] , with 4 ÷ 5 keV radiation emission -thanks to the low energy thresholds of NaI(Tl) detectors.
The most stringent constraint on PEPV in atomic transitions comes from the DAMA/LIBRA experiment: searching for PEPV K-shell transitions in Iodine, with data corresponding to 0.53 ton×yr, a lower limit on the PEPV transition lifetime of 4.7 × 10 30 s has been reached. This provides a limit on the PEPV phase of φ P EP V = δ 2 < 1.28 × 10 −47 at 90% C.L. [77] . This entails very strong constraints on the non-commutativity scale: in the magnetic-like θ-Poincaré Λ < 10 18 GeV, while in the electric-like phase we obtain from Eq. (6.17) that the limit is less stringent, i.e.
Λ < 5 × 10 16 GeV.
Nuclear transitions
From DAMA/LIBRA collaboration also limits on PEPV nuclear transitions can be achieved [77] . PEPV transitions in nuclear shells of 23 [79] . In both the electric and the magnetic like θ-Poincaré, δ [80] . Also this limit, arising from Kamiokande, rules out both the magnetic and the electric-like θ-non-commutativity.
